Direct measurement of the threshold desorption energy for collision-induced desorption is used to determine a chemisorption bond energy. In this experiment the absolute cross section for desorption is measured using x-ray photoelectron spectroscopy as a function of the impact energy between a translationally energetic Ar atom and an ammonia molecule chemisorbed to a Pt{ 11 l} single crystal. For this adsorbate-surface system the threshold desorption energy is found to be 1.850.17 eV and is independent of the angle of incidence of the Ar beam. Using a classical energy transfer mechanism this threshold energy is found to correspond to a bond energy of 1.420.13 eV. This represents an upper limit for the bond strength assuming maximum energy transfer between Ar and NH, and no internal excitation of the adsorbate at the desorption threshold. 0 1994 American Institute of Physics.
The energetics of adsorption, desorption and reaction at the gas-solid interface are uniquely determined by the potential energy surface (PES) of the surface system at that interface. Unfortunately determination of a complete interaction potential has proven difficult both experimentally and theoretically. For chemisorption systems, the region near the minima of a surface-adsorbate PES can be probed by spectroscopic methods, such as, electron energy loss spectroscopy and infrared reflection-absorption spectroscopy.' These methods measure the fundamental vibrational modes of the surface-adsorbate complex and provide insights into the bonding site and geometry. Information regarding the nature of the repulsive region of the PES can be revealed from angular and velocity distributions of molecules scattered from surfaces.* Perhaps the most powerful tool to map the PES is the low energy atom diffraction experiment,3 however, this technique is limited to the weak physisorption interactions experienced by atoms scattering from a periodic lattice (or adlayer). Inversion of diffraction data to construct the PES cannot be carried out for the case of chemisorption and/or nonperiodic adsorbate arrays. Thus the characteristic features of a chemisorption PES must be obtained from several different experiments.
In this Letter we present the first nonthermal determination of the potential energy surface well depth (bond dissociation energy) of a strongly bound chemisorption system, NH,/Pt{ 11 l}, from collision-induced desorption (CID) experiments. The CID experiment involves the impulsive collision of a neutral, translationally energetic noble gas atom with an adsorbate to induce molecular desorption from the surface. This measurement has been performed for physisorbed systems.4*5 We have previously developed a method to extract the well depth for a weak physisorption bond from measurements of the collision-induced desorption probability as a function of the normal kinetic energy and angle of incidence for the hyperthermal beam.6 This Letter presents both the experimental measurements and scattering theory necessary to determine the bond energy for a chemisorption system, NH3/Pt{lll}. This is a significant result because the bond energy for this system (and many others) cannot be determined using thermal desorption methods7 because of both precursor states and decomposition reaction channels.
The apparatus for this experiment consists of a ultra high vacuum (UHV) chamber (base pressure 1 X10-" Torr) coupled to a hyperthermal atomic beam source. The details of the apparatus will be presented elsewhere.8 Briefly, a high flux Ar beam is produced in a supersonic free-jet expansion from a heated nozzle using the seeding technique.' A gas mixture of -1% Ar in H, or He is used to form the supersonic beam which is skimmed, collimated, and modulated at 1200 Hz for time-of-flight (TOF) analysis before entering the UHV chamber. From the TOF analysis the typical instantaneous flux at the crystal position is measured to be -1 X 10" Ar cm-* s-' and the energy dispersion is -20%. The Pt{ 111) single crystal is mounted on a precision X, Y, 2, 8 manipulator where the sample temperature can be varied from 100 to 1400 K. Ammonia gas is admitted through a variable leak valve and the absolute surface coverage is determined by a calibration procedure using x-ray photoelectron spectroscopy (XPS).
The interaction of ammonia with Pt{ 111) has been previously studied by ultraviolet photoelectron spectroscopy (UPS), electron energy loss spectroscopy, thermal desorption spectroscopy ('IDS) , XPS, and work function experiments.'0-12 These studies indicate that for a surface coverage, 0, below one-quarter of a monolayer (ML) NH3 Binding Energy (eV)
PIG. 1. Al K, (1486.6 eV) x-ray photoelectron spectra before and after collision-induced desorption of a-NH3 from Pt{ 11 I} at 110 K. bonds molecularly in a threefold hollow site via the lone pair of electrons in the nitrogen 3at molecular orbital. The UPS measurements's show a very large change in the Pt(l1 I} work function (about -2 eV) at 0.25 ML. At this coverage the NH, dipole moment is measured to be 2.0 D (vs the gas phase value of 1.47 D's) with the negative end toward the surface. The large degree of charge transfer from NH, to the surface suggests a strong chemisorption bond. Above 0.25 ML adsorption occurs in a second layer via hydrogen bonding to the first layer. Desorption from both surface sites occurs molecularly upon thermally heating the sample. TDS results'a reveal a high temperature desorption peak at -350 K for 0 below 0.25 ML and a low temperature desorption peak at 155 K for 0 above 0.25 ML. Fisher" has designated the 350 K desorption peak as a-NH3 and the 155 K peak as @NH,. Analysis of the TDS data for the p site determines the bond energy to be 0.4 eV, but a similar analysis cannot be applied for the (Y site because the desorption feature is too broad. The determination of the surface bond energy is performed here by impinging an Ar beam at the Pt{ 11 l} surface covered with a-NH3 (i.e., -0.25 ML) for various incident angles and beam energies high enough to induced desorption. After collision-induced desorption the surface is interrogated using XPS. synthesized from a least squares fit to the data. At higher ammonia coverage' the appearance of a new peak at 398.5 eV is observed when the Ar beam energy is increased above 2 eV. Based on a comparison with electron beam induced fragmentationI of NH, and reported NH, assignments'" on other metals we make the following N(ls) binding energy assignments on the Pt(l11) surface: U-NH, (400.4 eV), NH, (399.0 eV), and NH (398.5 eV).
The XPS measurements are indirect evidence that we are inducing ammonia desorption in the collisional event. To provide further evidence that the loss of intensity in the 400.4 eV peak is due to molecular desorption we used a quadrupole mass spectrometer (QMS) to measure the partial pressure of ammonia in the UHV chamber while the Ar beam impinges on the surface. A typical result of this type of experiment is shown in Fig. 2 . Clearly as the Ar beam strikes the adsorbate covered surface there is a corresponding increase in the gas phase partial pressure of NH, and returns to the background level when blocked. The limited signal-tonoise ratio is a result of collision-induced desorption using a kinetic energy just above the threshold energy required for desorption. A series of control experiments using both clean and NH, covered surfaces have verified that the 17 amu signal is due to molecular NH, and not due to collision-induced desorption of any other species, such as H,O.
The collision-induced desorption of physisorbed adsorbates is the result of a direct bimolecular collision between the adsorbate and noble gas atom following first order desorption kinetics at low coverage.4 Our measurements for this chemisorption system also suggest first order desorption kinetics. Thus, the instantaneous ammonia desorption rate can be written in a form analogous to a gas phase reaction rate by the equation
where NH', is the ammonia surface coverage at time t, 19~ is the angle of incidence for the Ar beam, F, is the absolute Ar flux measured perpendicular to the incident Ar beam and acto(NH~ , Ei , tYi) is the collision-induced desorption cross section. However, we observe a collision-induced dissociation reaction channeLi so a competing first order kinetic equation must be included to calculate actn . This is accomplished by solving the kinetic equations which describe the first order decay to the desorption and dissociation channels. The resulting equation for ocrn is aad E; , 6) = - ) where NH? is the amount of ammonia desorbed from the surface and NH: is the amount of dissociation products formed on the surface at time t. The results for a,,, as a function of incident angle and energy are plotted in Fig. 3 . Note that the threshold for collision-induced desorption scales with the total incident kinetic energy of the Ar beam for each angle of incidence. We propose that the lower cross sections above threshold for the 0" angle of incidence are most likely due to multiple collisions between the NH, and Ar which serve to quench the desorption process. '7 To accurately determine the threshold desorption energy, Ethrs, the cross section data are fit to the equation'* S(E-&dN
where E is the most probable kinetic energy of the Ar beam with S and N as fitting parameters. The fits to the experimental data are shown as the solid lines in Fig. 3 and the values obtained for the exponent fitting parameter N(N= 1.75 for O", 1.75 for 30", 1.7 for 45" and 1.85 for 60") are in good agreement with the values predicted by theoretical models" and previous gas phase experimental results.*' This function has been derived for the case of the simplest gas phase collision-induced dissociation process: A+BC-+A+B+C.*' Both the functional form of our data and N values suggest that dissociation of the adsorbate-surface bond is a statistical process involving a limited number of atoms in the activated complex. The average desorption threshold energy for the four incident angles is calculated to be 1.8kO.17 eV (95%, u =3). The convergence of the four data sets is within the uncertainty of the experiment given the signal-to-noise limitations in the threshold region. A classical collision mechanism is used to model the experimental measurements to determine the NH,/Pt{ 111) bond energy. Specifically we propose that two collisions will lead to desorption at the threshold and treat the Ar, NH3, and Pt surface atoms as hard spheres. After colliding with an Ar atom the NH, receives a quantity of translational energy and subsequently travels toward the Pt surface. At some critical distance the NH, experiences the repulsive wall of the PES and scatters away from the surface-losing some kinetic energy to the lattice. To determine how much energy is transferred in the collision region the surface atoms must be treated as an "effective" mass. Previous studies of atomsurface scattering from metal surfaces provides an empirical estimate for the Pt effective mass. In the thermal energy regime (i.e., CO.5 eV) experimental results have suggested that the effective mass quantity is -1.5 surface atoms.** However, at the hyperthermal energies used in this experiment, this quantity is expected to be between 3-5 surface atoms.23
To determine the NH@{ 11 I} bond dissociation energy, the adsorbate-surface PES is modeled by a one-dimensional square well. Thus, at the threshold, the final component of kinetic energy in the ammonia directed away from the surface is equal to the height of the one-dimensional square well exit barrier, Accounting for the energy transfer events in the two collisions provides a direct route to calculate an upper estimate of the strength of the surface-adsorbate bond. Using the measured threshold desorption energy the expression for the surface bond dissociation energy, Do, can then be written as where Ethr:, is the desorption threshold energy, "zNH, is mass of ammonia, mAr is the Ar mass, and mCff is the effective surface mass. The first term in parentheses accounts for the energy transferred to the NH, while the second term determines the amount of energy the NH3 retains after colliding with the surface. Note that this energy transfer mechanism is only valid at the threshold when desorption is the result of the binary collision model proposed above. Other events, such as, multiple Ar-NH, collisions and NH,-NH, collisions quench desorption at the threshold. Using the values of 111 NH3 = 17, in Ar =40, men=3X 195 (each mass is given in atomic mass units), and Ethrs= 1.8 eV we calculate Do for a-NH, to be 1.4t0.13 eV. The only estimated value in Eq. (4) is the effective mass set equal to three Pt atoms. The determination of D,, is rather insensitive to the selection of I??,~~, for instance, if we choose to use meR=5 X 195 amu then Do increases by less than 5%. Note also that our determination of the a-NH3 bond dissociation energy represents an upper limit since we have made two assumptions: (1) maximum energy transfer between NH, and Ar at the threshold and (2) no excitation of internal modes since the particles are treated as rigid spheres. Finally, to evaluate if dipole-dipole interactions between adjacent NH, molecules effect the measured threshold we reduced the coverage to 0.13 ML, repeated the measurements and found the same desorption threshold. The fact that the threshold desorption energy remained constant for 0.25 and 0.13 ML coverage suggests that the effect of NH,-NH, interaction on the NH3-surface bond energy is minimal.
In conclusion, we have demonstrated that molecular desorption of a strongly chemisorbed molecule can be induced in an energetic collision with a noble gas atom. From a plot of the absolute desorption cross section vs the total incident Ar kinetic energy we have measured a desorption threshold energy of 1.8t0.17 eV for the cu-NH,/Pt{ 111) system. Using a model based on classical mechanics where in this threshold energy is corrected for two energy transfer events we determine an upper limit of the a-NH3 bond dissociation energy to be 1.420.13 eV.
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